ABSTRACT Degradation processes of carbon negative electrodes for all-solid lithium polymer batteries were investigated using X-ray diffraction (XRD), electrochemical impedance spectroscopy (EIS) and Scanning Electron Microscope (SEM). The cycling performances of the electrodes are significantly affected by the mixing speed of the electrode slurry. The cross-sectional SEM images of the electrodes containing vapor-grown carbon fiber (VGCF) show that more voids remained in the electrodes, if the slurry was mixed at high speed. The voids in the composite electrode expand and increase during the cycling test of the cell resulting in the capacity fading. On the other hand, the electrodes containing carbon nanotubes (CNT) show an opposite trend, because the high mixing speed improves the dispersibility of the CNT resulting in the formation of the less voids in the electrode. The electrode containing both VGCF and CNT prepared at high mixing speed shows the best cycleability among all the electrodes. In spite of some voids initially form in the electrode, the CNT seems to have prevented further increase and expansion of the voids.
Introduction
Lithium-ion batteries (LIBs) have been extensively used for consumer electronic devices such as cell-phones and laptop computers; moreover, the LIBs need even higher performance for the application to next generation electric vehicles and power stations. One of the biggest challenges for the large format LIBs is safety, because the conventional LIBs use flammable electrolyte solutions. In order to minimize the safety concerns of the LIBs, all-solid lithium polymer batteries have been widely studied for a long time. [1] [2] [3] [4] [5] Originally lithium metal was expected to be the negative electrodes for all-solid lithium polymer batteries. However, it has been reported that the all-solid lithium polymer batteries using lithium negative electrode still have safety problems due to the dendritic growth of the lithium negative electrode during the charge process. 6 Considering the dendritic growth of the lithium, carbon based materials could be one of the good candidates for the negative electrodes for all-solid lithium polymer batteries. [7] [8] [9] [10] [11] [12] Imanishi et al. 8 and Kobayashi et al. 9 reported that spherical graphite exhibits a comparably reversible capacity as the negative electrode in the all-solid polymer batteries, the capacity of which was comparable to that with a liquid electrolyte. The composite electrodes for all-solid lithium polymer batteries have to have the polymer electrolyte in the electrodes, to form a good ionic conduction path as well as the electronic conduction path. The design of the composite electrodes with a polymer electrolyte is crucial to obtain a high reversible capacity. Previously, we reported that the capacity of the carbon composite electrode with a polymer electrolyte is dependent upon the thickness of the electrode. The thicker electrode showed a lower reversible capacity than that of the thinner one, because of the poor contact among the carbon particles, the polymer electrolyte and the conductive additive. 10 In the case of the electrode with high reversible capacity for a long cycling, however, there is concern for the deterioration of the active materials from the polymer electrolyte due to the volume change of carbon during lithium insertion and extraction process. We also reported the electrochemical performance of composite electrodes consisting of polyethylene oxide (PEO), spherical mesocarbon microbeads (MCMB), vapor grown carbon fibers (VGCF) and carbon nanotubes (CNT) prepared in open air using water as a solvent and short-term mixing in a thin-film spin system high-speed mixer. 12, 13 In this paper, we reported that the morphology of the conductive additives such as VGCF and CNT affected to the reversible capacity and the cycling performance of the composite electrode. The bulky VGCF made a good electrical conduction network in the PEO and MCMB composite resulting in the high reversible capacity. However the reversible capacity gradually decreased during the cycling test with increasing the interfacial resistance between the electrode and polymer electrolyte. On the other hand, the long and thin CNTs showed relatively low reversible capacity, but it showed a good cycleability compared with the VGCF by maintaining a good electrical conduction network after the cycling. Furthermore, high cycling performance with a high reversible capacity of more than 300 mAh g ¹1 was obtained by the co-addition of VGCF and CNTs. These results suggested that the electrode microstructure also affects to the electrochemical performance of composite electrodes. However, the details of the microstructure and the degradation mode of the carbon electrode in the polymer batteries are not well understood yet.
In the present paper, the degradation process of carbon electrode for all-solid lithium polymer batteries is investigated by the cross sectional observation of the electrodes. We attempt to control the microstructure of the composite electrodes by changing two parameters of the electrode preparation process. One is the mixing speed of the electrode slurry and another is the choice of conductive additives. The cycling performances of these electrodes are examined and the correlation with the microstructure of the electrodes is discussed.
Experimental
MCMB (Osaka Gas Chemicals, Japan, particle size 20-30 µm), a vapor growth carbon fiber (VGCF: Showa Denko, Japan, 0.15 µm diameter and 20 µm length, diameter/length ratio: 7.5 © 10
¹3
), a water dispersion of carbon nanotubes containing dispersing agent (CNT: Shenzhen Multi-Way New Material, China, 10-40 nm diameter and 100 µm length, diameter/length ratio: 2.5 © 10
¹4
), and PEO (Mw = 6 © 10 5 , Aldrich Chem., USA) were used as materials of the electrode. PEO was dissolved in water and MCMB and VGCF (and/or CNT) were mixed into the solution for 30 seconds using a thin-film spin system high-speed mixer (FILMIX, PRIMIX Corp). 13 The electrode slurries was prepared ca.18 ml of the slurry par batch and solid content concentration were 20.6 wt% (including 16 ml of water). The electrode slurry was casted on a 15 µm thick copper foil using an applicator and then dried at 110°C for 10 h under vacuum. The thickness of the coated electrode was ca. 60 µm. The PEO-based polymer electrolyte was prepared as follows: PEO (Mw = 6 © 10
5
) and Li(CF 3 SO 2 ) 2 N (LiTFSI, Fluka) were dissolved in acetonitrile (AN) with Li/O at a molar ratio of 1/18. The solution was stirred overnight and cast in a Teflon dish. After the evaporation of AN at room temperature, the obtained film was dried at 110°C for 10 h under vacuum. The thickness of the polymer electrolyte was ca. 300 µm.
Electrochemical tests of the composite electrodes were carried out using a pouch cell. A half-cell consists of the carbon composite electrode, polymer electrolyte, and a lithium metal counter electrode. The cell was heated at 70°C for 1 h to initiate the diffusion of LiTFSI from the polymer electrolyte to the carbon composite electrode, the lithium salt concentration in the PEO of the composite electrode was estimated to be ca. Li/O = 1/19, estimated to the same concentration of LiTFSI in the PEO of both the electrolyte and the composite electrode. The preparation of the polymer electrolyte and construction of the pouch cell were carried out in an Ar-filled glove box.
The electrochemical performance of the cells was evaluated by cycling test in the voltage range of 0.01-1.5 V using a battery cycler (Nagano BTS 2004H) at 60°C. The charging-discharging rate was C/10 (ca. 0.08 mA cm
¹2
). The composite electrodes with cycling were observed using X-ray diffraction (XRD; Rigaku RINT2500/ HLS). The resistivity of the composite electrodes was examined by the four point probe technique. Impedance measurements were performed using a Solartron 1260 frequency analyzer and a Solartron 1286 electrochemical interface in the frequency range of 10 6 to 10 ¹1 Hz at 60°C. The cross sectional view of the cells was done through the cross-section polishing (CP) method planarization and scanning electron microscopy (SEM). In order to observe the dispersibility of CNT, the backside of the coated electrodes were observed using SEM. The specimens were prepared by coating the electrode slurries on a polypropylene sheet. After the drying process of the coated slurries, the electrodes were peeled off from the substrate for SEM observation.
Results and Discussion
Firstly we examined the influence of mixing speed on the cycling performance for the electrode with the VGCF. Figure 1 shows the cycling performance of MCMB-VGCF-PEO (48.2-12.0-39.8 weight ratio) composite electrodes prepared at various mixing speeds. The coulombic efficiencies of the 1st charge-discharge cycle were 83.3% for 5 m s , all electrodes exhibited ²300 mAh g ¹1 of specific capacity at the initial cycle. The electrodes prepared from the slurry mixed at 5 m s ¹1 and 10 m s ¹1 showed relatively good cycling performance maintaining 84.6% and 75.9% of the initial specific capacity after 30 cycles respectively, while the electrodes prepared at the high mixing speed showed significant capacity decay. The specific capacity of the electrodes prepared at the mixing speed of 15 m s ¹1 and 20 m s ¹1 dropped to 0 mAh g ¹1 at the 18 cycle and the 10 cycle respectively.
In order to understand the structural change of the carbon composite electrode during the cycling test, XRD measurements for the electrodes prepared from the slurry mixed at 5 m s ¹1 and 20 m s ¹1 during the initial few cycles were carried out as shown in Fig. 2 . After the 1st intercalation process of lithium ion, the (002) peak of the carbon composite electrode observed at 26.4°of 2ª (CuKA) shifted to lower angle at 24.0°, reflecting the increase of the distance between the graphene layers. The peak position of the electrode was in good agreement with the LiC 6 so called the stage 1 phase. The XRD pattern of the electrode prepared from the slurry mixed at 20 m s ¹1 also showed a diffraction peak at 24.0°c orresponding to the LiC 6 with another diffraction peak at 25.3°a ssigned to LiC 12 , suggesting that lithium ion did not adequately insert to the graphite during the intercalation process. It is probably due to high resistance of the electrode, consequently the cell hit to 
the cut-off voltage before completion of the intercalation process. After the 1st lithium extraction process, the diffraction peaks of both electrodes shifted back to the original position at 26.4°of 2ª. However, the XRD pattern of the electrodes prepared from the slurry mixed at 20 m s ¹1 showed only the LiC 12 phase after the 5th Li extraction process. It suggests that the part of the graphite particles were inactivated during the charge-discharge process, consequently the lithium ion in the graphite particle partially remained as LiC 12 phase. The loss of the electrical and/or ionic conductive path could have taken place during the volume expansion/shrinkage of the active materials, resulting in the poor cycling performance of the electrodes prepared from the slurry mixed at 20 m s
¹1
. The AC impedance spectra also suggest a clear footprint of the capacity decay. ¹1 Hz) significantly increased from 68.6 to 500.7 ³ cm 2 , while the semicircle at high frequency range maintained almost the same value. According to our previous paper, the second semicircle in the low frequency range can be attributed to the interfacial resistance between the carbon composite electrode and the polymer electrolyte. 10 Thus the increase of the interfacial resistance could also affect the capacity fading during the cycling test.
The rootcause of the degradation process of the graphite electrode was easily found by cross sectional SEM observation of the electrode-electrolyte interface. Figure 4 shows a cross sectional view of a Li/PEO 19 LiTFSI/composite electrode with VGCF cell before cycle and after 5 cycle. White parts at the bottom of the SEM images are Cu foil. The actual thickness of the coated electrodes was under 60 µm, because the measured thickness value represents the thickest part of the electrode. Furthermore the electrodes were compressed after the cell fabrication during the Li salt diffusion process. The electrode prepared from the slurry mixed at 5 m s ¹1 kept good contact with the electrolyte before and after cycles although small amount of voids appeared after 5 cycle (Figs. 4a and 4b) . On the other hand, in the case of the electrode prepared from the slurry mixed at 20 m s ¹1 , many voids around the active materials were already observed even before the cycling test and the volume of the voids significantly increased after 5 cycle (Figs. 4c and 4d) . The poor cycling performance of the electrodes prepared at the high mixing speed should be owing to the loss of the contact between the MCMB and the PEO 19 LiTFSI matrix. The increase of the interfacial resistance between the carbon composite electrode and the polymer electrolyte can be explained as well.
Since we previously found that the electrodes containing the CNT showed a good cycleability compared with the VGCF, 12 the correlation between the microstructure and the cycleability of the electrodes containing the CNT were also investigated to compare with the VGCF discussed above. Electrochemistry, 82(8), 642-646 (2014) ¹1 and 43 mAh g ¹1 respectively; however, the capacities of the both electrodes gradually increased along with the cycling number, and finally reached up to 250 mAh g ¹1 after several cycles. The low specific capacity of the electrode with the CNT could be due to the partially isolated active materials from the either electrical or ionic conduction network in the electrode. The electrode with the VGCF prepared at low mixing speed showed relatively low resistance 0.47 ³ cm, while the one with the CNT showed 18.66 ³ cm. This result suggests that the poor electrical conduction of the electrode containing the CNT affected to the specific capacity of the electrode.
Interestingly the electrode prepared from the slurry mixed at high mixing speed (20 m s
) showed a better cycling performance than the one at low mixing speed (5 m s ¹1 ) after reaching the peak capacity. The cycling performance of the electrodes prepared from the slurry mixed at high mixing speed and low mixing speed was 97.7% and 83.3% of the initial capacities after 50 cycle respectively. In order to confirm the morphological difference of these electrodes, SEM observations of the electrodes were carried out. Figure 6 shows SEM images of the backside and cross-section of the electrodes with CNT prepared from the slurry mixed at 5 m s ¹1 and 20 m s
. The electrode prepared at from the slurry mixed 20 m s ¹1 showed a uniform dispersion of the CNT compared with that of 5 m s ¹1 (Figs. 6a, 6b ). In the cross sectional view of a Li/PEO 19 LiTFSI/composite electrode with the CNT cell before the cycling test, the electrode prepared at low mixing speed (5 m s ¹1 ) which showed lower cycleability had many voids in the electrode than the one prepared at high mixing speed (20 m s ¹1 ) which showed higher cycleability (Figs. 6c, 6d) . Even though the cycling performance showed the opposite trend against the mixing speed of the slurry containing CNT, the microstructure of the electrode showed good agreement with the electrode containing VGCF. It suggests that the optimum mixing condition of the slurry is dependent upon the choice of the conductive additive. Especially in the case of the electrode containing CNT, the dispersibility of the CNT is an important parameter to obtain the electrode having an ideal void-free microstructure, because the aggregated CNTs lose the flexibility and behave as bulky particles resulting in the formation of the micro bubbles in the electrode slurry. In addition, the VGCF seems to behave as a bulky particle in the slurry due to its high diameter/ length ratio: 7.5 © 10
¹3 compared with that of CNT: 2.5 © 10
¹4
. As we previously reported, the rootcause of the capacity decay is owing to a breakage of the conduction network in the electrode by expansion and contraction of the MCMB during the chargedischarge process. 12 The SEM images in the above discussion suggest that the voids initially formed in the electrode become the preferred sites for the deterioration process of the electrolyte from the active materials. Figure 6e shows the cross sectional view of the electrode with the CNT prepared from the slurry mixed at 20 m s ¹1 after 30 cycle. In spited of the few voids in the electrode, the contact among the MCMB, CNT, and PEO 19 LiTFSI composite was well maintained. We assume that the volume change of the electrode during the charging-discharging process was absorbed by the flexible electrolyte with CNT. Moreover the dispersivity of CNT also affected to the electrical properties of the electrode. The electrode with welldispersed CNT exhibited 7.17 ³ cm, while the one with poordispersed CNT exhibited 18.66 ³ cm. The well-dispersed CNT should have formed a better electrical conduction network in the electrode.
According to our previous paper, the electrical conductivity and the contact between MCMB and PEO 19 LiTFSI could be improved using both VGCF and CNT. Figure 7 shows the cycling performance of MCMB-VGCF-CNT-PEO (48.2-8.0-4.0-39.8 weight ratio) composite electrodes from the slurries prepared at two different mixing speeds. The stable capacities of the electrode showed ca. 300 mAh g ¹1 , the coulombic efficiencies at the 1st cycle of the electrodes prepared at low mixing speed and high mixing speed were 72.6% and 70.5%. The specific capacities were maintained at 91.6% for the electrode prepared by low speed mixing process and 99.3% for the high speed mixing after 100 cycle respectively. The electrode prepared at the high speed mixing process showed the excellent cycling performance in spite of containing the VGCF. Figure 8 shows a cross sectional view of the Li/PEO 19 LiTFSI/ composite electrode with the VGCF and the CNT prepared from the slurry mixed at 20 m s ¹1 cell after 30 cycle. In spite of some amount of the voids remaining in the electrode, the contact between the active materials and the polymer electrolyte was well maintained compared with the electrode only containing the VGCF prepared at the same mixing condition after 5 cycle (Fig. 4d ). This result also shows that the CNT prevents the expansion of the voids in the electrodes. We assume that the well-dispersed CNT improved not only the electrical conduction path, but also the mechanical properties of the polymer electrolyte, known as one of the typical effect of CNT-based additives. 14 
Conclusions
We investigated the degradation mode of the microstructure of the carbon negative electrode for all-solid lithium polymer batteries. In the case of the electrode with the VGCF, the electrode prepared at high mixing speed showed many voids in the electrode and drastic capacity fading by the cycling process, compared with the electrode prepared at low mixing speed. In addition, the both electrodes with the VGCF after 5 cycle showed that the voids in the electrode increased and expanded. These results indicated that the initially formed voids in the electrode could be the preferred sited of the deterioration of the electrode resulting in the capacity fading.
On the other hand, the electrode with the CNT which prepared at low mixing speed showed more voids and a poorer cycling performance than the electrode prepared at high mixing speed. The voids in the electrode prepared at high mixing speed after 30 cycle were not really observed. We assume that CNT improved the mechanical properties of the polymer electrolyte to maintain the good interphase with the active materials, as a consequence the increase and the expansion of the voids were mostly prevented during the chargingdischarging process.
Here we conclude that the degradation mode of the carbon composite electrodes containing polymer electrolyte is greatly dependent upon the voids initially formed in the electrode preparation process and the choice of the conductive additives significantly affects to the mechanical properties to maintain the microstructure of the electrode. Electrochemistry, 82(8), 642-646 (2014) 
